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ABSTRACT 
This thesis project determines the suitability of 
using a Silicon Carbide - Silicon Nitride compound as 
,':J.. 
cutting tool coating to reduce the influence of crater wear 
and flank wear on tool life. The project tests a new 
proprietary deposition method developed at Polar Materials 
Inc. (PMI), a Ben Franklin Partnership incubator company. 
The coating process consists of a low temperature plasma 
polymerization using organo-metalic monomers followed by· 
pyrolysis to produce an "organic ceramic" coating. The 
purpose of the test was to determine if the coating would 
be effective on substrates of Tungsten Carbide (WC), 
Titanium Nitride (TiN) and Alumina (Al 2 0 3 ). _ 
Testing consisted of lathe turning AISI 4340 HT steel 
in a tool life testing procedure as defined by ISO 3685. 
, 
Six different insert tools were used, two of each substrate 
type. They were tested with and without the PMI coating. 
Two replications of each case were carried out. From this 
testing several measures were taken of the coating 
performance. These measures were flank wear in inches by 
using a toolmake-rs microscope, cra-ter wear area in_ _inches 
by use of a photographic and cqmputer digitization 
technique, and lastly the mass loss in grams of the insert. 
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The results of the investigation were that th
e PMI 
coating did not provide any significant. improv
ement in 
flank wear, crater wear area or in mass loss of
 the insert 
over that of the uncoated tool as determined by 
the use of 
the analysis of varience method of statistical 
.analysis. 
The ANOVA results did show however that the th
ree tool 
material groups were significantly different. T
his supports 
much of previbus work done in the field and repo
rted in the 
literature. 
The PMI coated carbides did not preform better t
han the 
• 
uncoated carbide inserts in terms of flank wea
r, crater 
wear, or mass loss. 
J 
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CHAPTER 1 
INTRODUCTION 
When Fredrick W. Taylor presented his paper "On the Art 
of Cutting Metals" 1 at the New York meeting of the American 
Society of Mechanical Engineers in December of 1906 he 
raised three questions that he felt must be answered each 
day:1by machinists. These are namely: 
a. What tool shall I use? 
b. What cutting speed shall I use? 
c. What feed rate shall I use? 
Today we are still deliberating these questions, 
especially in the area of tool material selection. Research 
\. 
in tool materials has lead us through plain carbon and 
air-hardening mushet steels (pre 1900) to the high speed 
steels (post 1900), then to cemented carbide tooling 
(starting about 1930), and, beginning in the mid to late 
1950, s, ceramic and synthetic diamond tooling2 . on·e of the 
most recent ( late 1960, s) developments has been the 
introduction of coated carbide tooling. 
The first coating introduced was TiC. Now there are 
others including TiN, HfN, and Al 2o 3 and combinations of 
these into multiple layers. This brief survey of tool 
material history represents a continued improvement in 
producti.vi ty as seen in materials advances and the 
6 
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potential of thin coatings - to continue manufacturing 
productivity improvements. 
This thesis project deals with one such possible 
cutting tool coating and it's potential for machining 
productivity improvements namely in the area of flank and 
crater wear reduction. Polar Materials Inc., a local Ben 
Franklin Partnership Incubator Company, has developed a 
novel coating process that hopefully has this potential. 
The coating material • lS a combination of silicon carbide 
and silicon nitride, two materials that have been effective 
in machining operations but are applied differently than 
other commercially available products. 
This coating process as described by Dr. George Walpert 
of PMI consists of "a low temperature plasma polymerization 
using organo-metalic monomers followed by pyrolysis to 
produce "organic ceramic" like coatings". 4 One attractive 
feature of this process is that it is done at a lower 
0 0 temperature (650 C) than the typical range of 1000 C for 
CVD (chemical vapor deposition). The use of CVD is a common 
technique for coating cemented carbides with hard materials 
but because of the residual stress and decarburization of 
the substrate surface that • lS inherent in the process, 
premature failure can occur. 5 
The experimental portion of the thesis was concerned 
with a comparative test of the PMI coating placed on .. 
different materials from commercially available vendors. To 
do this a basic tool life testing procedure was employed in 
7 
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which various wear factors were measured and compared. T6 
accomplish this, equipment in the Manufacturing Technology 
Lab was used, together with test equipment in the 
Metallurgy Department. 
In the analysis section the effectiveness of the PMI 
coating was determined as to its suitability as a cutting 
tool coating. 
~'. 
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CHAPTER 2 
LITERATURE REVIEW 
This literature review was required to support some of 
the basic assumptions postulated in the later sections of 
the thesis and to provide ideas for the research direction 
taken. It is hoped that this information will provide the 
needed rational for the experimental work conducted. 
The one most important question that should be answered 
is: why investigate another cutting tool coating when there 
·are so many being utilized presently that work effectively. 
By conducting this search the reasons for their (thin 
coatings) success emerged. By.knowing this I selected the 
area for experimentation. 
The reasons for the success of thin coatings in metal 
cutting operations are not fully understood. It . is 
difficult to explain "how coatings with thicknesses nearly 
two orders of magnitude less than the dimensions of the 
wear scar can provide substantial . increases in wear 
resistance that are obtained . in industrial machining 
applications". 8 In thin coatings the coating provides the 
surface properties and the substrate provides the bulk 
properties. Surface properties refer to the ability to 
resist wear and chipping while bulk properties have to 
handle the force loading and off er resistance to crack 
propagation. The reality is that certain materials cannot ti 
9 
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be used everywhere, hence the development of "composite" 
tooling. 9 Cutting tools have benefited by using coatings 
that, because of certain material properties, cost, or 
technical limitations, did not allow their use as the total 
tool material. Tnis principle is exhibited in the 
\ 
application of Al2o3 coated inserts to the cutting process 
in roughing and interrupted type machining conditions. 
Neither one of these materials (Al2o3 , or the WC based 
substrate) separately could achieve the machining 
performance of the coated tool with respect to tool life, 
crater or flank wear. According to E. M. Trent "the coating 
will continue to be effective in reducing the rate of wear 
as long as it remains intact at the cutting edge 11 • 10 Th@ 
explanations for such incongruities will follow. 
The effectiveness of thin coatings on carbide tooling 
has several possible reasons as to why it actually works. 
To understand why it works one must understand the activity 
that takes place at the tool-workpiece interface where 
cutting occurs. The metal removal process results in a chip 
being formed resulting in wear on the flank (flank wear) 
and the top face (crater wear) and also generating heat. 
This of course does not occur for free. The tool sees a 
combination of forces generated by the machine tool which 
produce deformations, friction, and resultant wear in the 
tool. Much research activity has been done concerning the 
wear mechanisms that influence cutting tool performance. 
These mechanisms include diffusion, attrition, abrasion, 
10 
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fracture, plastic deformation under compressive stress, and 
superficial plastic deformation by shear at high 
• 
temperature. Many of these mechanisms are temperature 
-r 
dependent. Of the heat that . lS generated in the cutting 
operation most (80%) leaves the system in the chip while 
10% goes back into the work piece and the remaining 10% is 
11 . 
conducted into the tool. The percent of heat that the 
tool receives may seem like a small amount but in light of 
the large amoun·t of energy expended in t.he . cutting 
operation and the tiny contact area of the tool-chip 
interface this accounts for an incredable temperture 
/ 
· 
12 Th' . lt . t t f t rise. 1s increase can resu 1n empera ures o grea er 
than 800°c which will significant dropoff ' in cause a 
material 
17 Trent . 
properties. 
2500 
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Figure 1 
0 Hardness (HV) vs Temperatu17 ( C) (Reprinted from Trent ) 
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Knowing this one"must not look at the room temperature 
properties for guidance but at the ones existing at the 
elevated temperature ranges that tools survive in. This can 
lead to a conceptual problem because the material 
properties commonly envisioned are those of our immediate 
environment. Therefore materials perceived as a "good" 
choice may not have suitable properties when considered for 
cutting tool coating applications. Knowing these snippets 
of information where does this lead us? 
We can now concentrate on the dynamic environment of 
the cutting tool. This environment consists of high 
temperatures and pressures where the chip does not slide 
over the surface but is seized to a portion of it. As 
stated previously, many of the wear mechanisms are 
temperature dependent. It has been shown "that the chemical 
stability and reactivity of tool materials are very 
important, the exact chemical interactions involved in 
13 carbide tool wear are not clearly know." By using the 
criteria of chemical stability and reactivity, and the 
retention of hardness at high temperatures the choice of a 
suitable coating compound is narrowed. The following table 
rates the interaction between the tool material and the 
14 work metal. 
12 
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Tool 
Mat'l 
Al2o3 
SiNN4 
Ta 
TiC 
Tac 
B4C 
TiN 
WC 
SiC 
TABLE 1 
TOOL MATERIAL - WORK METAL INTERACTION RATINGS 
Mo-TZM 
Alloy 
1 
2 
4 
2 
4 
3 
1 
4 
4 
w Rene , 4340 Ti D6AC 
Alloy 41 Steel Alloy ·steel 
1 1 1 2 2 
1 1 2 2 1 
1 2· 2 2 2 
2 2 2 2 3 
1 2 4 2 2 
2 4 2 1 3 
1 4 3 4 4 
4 2 4 2 2 
4 4 4 4 4 
Legend: l=no interaction 
2=slight interaction 
3=moderate interaction 
4=extensive interaction 
Total 
Tool·Mat'l 
8 
9 
13 
13 
15 
15 
17 
18 
24 
Table 1 shows the commonly used materials in cutting 
tools and their interactions with the work materials they 
cut. This was valuable in deciding to try the PMI coating 
because it contained silicon nitride which was second rated 
to Al2o3 for chemical stability. Informatiqn like that in 
Table 1 provides valuable information to consider when 
selecting tooling for a specific application where the 
reduction of tool material/work material interactions are 
important. 
The tools selected for this experiment have a known 
history of performance. A cutting te~t of AISI 1045 (190 
• i 
BHN) that plotted cutting speed vs tool life showed the 
following: when TiN and Al 2o3 coated grades were compared 
against an uncoated WC grade, there was a significant 
improvement. "At a constant tool life of 10 minutes, the 
13 
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,, 
TiN coating permits a cutting speed increase of 50%, while 
' 15 
the Al 2o3 coating can run at more than 90% faster." This 
information is important in that it provides a reference to 
be used in comparing data. 
14 
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CHAPTER 3 
EXPERIMENTAL DESIGN, PREPARATIONS & PROCEDURES-
/ 
This thesis project asks a simple question: does the 
coating and coating process developed at PMI have any 
significant effect on tool performance. And can this 
difference be ascertained by means of a basic test of tool 
life as indicated by flank and crater wear, and also mass 
· 10~-~-.__9.t.__g/~-'cutting tool. 
The next step was to select tools, toolholders, work 
fuaterial, and cutting parameters that would: 
- ' _,:''"' -
.... - '\ l\ Be a reasonable representation of actual industrial 
\n 
·~ndi tions. 
2. Be challenging enough to provide a test that would not 
be excessive in duration or materials used. 
3. Be possible with the equipment available the 
Industrial Engineering Manufacturing Technology Lab. 
EXPERIMENTAL DESIGN 
The challenge in experimental design is to select a 
design that is not overly ambitious and yet has sufficient 
replications to perform the required analysis. Initially 
that was a problem but the experiment was scaled back to 
consider only the following effects and interactions: tool 
15 
- -' .16. 
• 
material (T), .cutting speed (S), and the coating (C) 
with/without. 
In selecting the tools for the experiment I wanted to 
cover a wide range in that a group of tools starting from a 
0 
basic uncoated tungsten carbide grade to an advanced coated 
tool suitable for the most demanding of conditions. These 
tools would then be tested over the recommended cutting 
parameters as specified by their manufacturer. It was known 
before the test was conducted that certain of the tools 
selected would perform better than others by virtue of 
their previous testing and review in the literature as 
noted in the last chapter. This was used as a check to see 
ii__; in fact the physical setup of the experiment was 
functional. 
The tools selected for use were of three basic types, 
tungsten carbide (WC) straight grade/no coating, titanium 
nitride (TiN) coated grade, and an alumina coated (Al2o3 ) 
grade. To this end six tools were selected, three each from 
two manufacturers. These tools will be tested at two speeds 
(S 1 ,s2 ) and both coated/uncoated by the PMI materi
al. This 
yields the following 24 cell design: 
Tl T2 T3 T4 TS T6 
C sl 1 
2 3 4 5 6 
7 8 9 10 11 12 w S2 
C sl 13 
14 15 16 17 18 
w/o S2 19 20 21 22 23 24 
16 
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The cell design is very straightforward an
d can be 
analyzed be techniques such as analysis of 
variance. From 
this we are ~ble to answei not only the ba
sic question of 
. ' 
usefulness of the new coating but also 
whether the 
substrate material (WC, TiN, Al 2o3 ) has an effect 
on 
performance. Each cell will be investigated
. 
TOOL SELECTION 
The cutting tools selected were supplied
 by two 
Pennsylvania based 
. 
companies, Kennametal and Newcomer 
Products both based in Latrobe. The tools a
re of the insert 
'· 
type thus able to be used in our tooling a
t the lab. The 
following tools were·supplied by Kennametal
 and are of the 
SNG 433 designation: 
K420: Mostly WC in composition. A steel ma
chining grade 
with superior edge strength and high transv
erse 
rupture strength. This tool has a rated har
dness 
of R =91.3. a 
KC810:TiN coated (multi-phase) with K420 as it's base
 
material. This is a general purpose grade u
sed in 
finishing to roughing applications. 
KC910: Al2o3 coated tool desig
ned for high spe-ed- use 
in finishing to light roughing applications
. This 
coating gives increased resistance to crate
r wear 
6 
at high speeds. 
17 
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The follpwing tools were supplied by Newcomer Products 
and are of the TNG 433 designation: 
N60: This tool is similar to K420 in application and 
composition. This grade is non~coated and is 
recommended for semi-finishing operations. ~t 
has an R =91.7. 
a 
NN60: TiN coated grade with high wear resistance. This 
tool is comparable to Kennametal grade KC810. 
NA02: Al 2 o3 coated grade similar to KC910 in range 
of applications. This tool is also resistant to 
7 
crater wear at high surface speeds. 
• WORK MATERIAL SELECTION 
~. 
The selection of the work material is one of the most 
• 
important considerations 
• 
this project. The material • in 
selected was AI SI 4340 HT. This material exhibits the 
\-
following properties that make it well suited for use as a 
cutting tool test material: 
1: Consistent material hardness throughout its cross 
section. This is shown by looking at its end quench 
hardenability test (appendix) which reveals a good 
gradient of hardness in the- t.es-t sample. Because of 
this property test results will not be skewed by 
material effects. Also this allows the best 
utilization of the work bars to the point where the 
bar must be removed because of length to diameter 
18 
.• : ~ ., . ·;,_, ' 11,l 
restrictions. Before the test was conducted a 3/4" 
piece of bar was cut-off to verify the hardness 
across the diameter. This set of data is listed in 
the appendix. 
2: Low machinability. The 4340 HT used was heat 
treated,quenched and tempered then stress-relieved 
(details in test certification). This process 
I> 
resulted in an aveage hardness of R =34.3. As a 
C 
result the material takes some effort to machine 
causing each test to only run a brief period of time 
(less than 15 minutes). 
INTERNATIONAL STANDARD 3685 
When trying to determine the experimental procedure for 
this project a search was made to see what standards if any 
were available for this kind of testing. Fortunately, ISO 
3685 (Tool-Life Testing with Single Point Turning Tools) 
applicable. This standard attempts to eliminate the 
. 
lS 
problems of multiple testing procedures employed by many 
researchers. Basically I used ISO 3685 as a guide to help 
me establish a valid experimental procedure. The following 
is a list of testing suggestions gleaned from ISO 3685: 
1. The work material used shall have the following: 
material certifications, chemistry, heat treatment, 
physical property and processing reported. 
2. Hardness survey of the bar end. 
19 
·, 
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•.. II. 
3. The length to diameter ratio should not exceed 10. 
4. Each cutting edge should be examined by lOX 
magnification for chips and cracks before use. 
5. If a chipbreaker is used the data of that use must 
be reported. 
' 6. Cutting with carbide tools shall be done without 
cutting fluids. 
7. The cutting speed (SFPM) shall be measured after 
the tool is engaged in the work. 
8. Tool life should not be less than 5 minutes. 
9 .· The measure of flank and crater wear shall conform 
to 7.1.2 of ISO 3685. (a diagram of this section is 
included in the appendix) 
' 
10. The machine tool used must have a variable speed 
drive and be stable of vibrations. Before testing 
is to begin the machine tool shall also be warmed 
up for a minimum of 5 minutes. 
These testing suggestions were applied during testing 
and will be noted in detail in subsequent sections. Certain 
requirements of the standard were not followed, such as the 
,,. 
requirement for the use of 1045 steel as the principle test 
material. This was done because even though 1045 is a 
commonly used material it has a much better machinability 
rating than 4340 HT, thus prolonging the test. 
20 
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PHOTOGRAPHIC SETUP 
. One item that is difficult to measure in our lab lS 
crater wear. Whereas flank wear can be measured by means of 
a toolmakers microscope, crater wear is a bit more elusive. 
To deal with this I decided to photograph each crater wear 
pattern on the tool and use it for later reference. 
The basic setup of the equipment is shown in Figure 2 
(see following page). Figure 2 shows a copy stand to which 
is attached a 35mm camera body with data back, an auto 
extension bellows and microphoto lens. A small electronic 
flash was used as the light source. This light source was 
located only 3 inches from the subject area providing an 
incredible amount of light. The light loss through the lens 
(bellows system resulted in 5 stop compensation, thus 
requiring lots of light. 
The image size was kept constant for all the crater 
wear photographs. After viewing the crater area through the 
camera and allowing for a light tent to evenly distribute 
the light the resulting magnification was appox. 4.SX. The 
crater area then was photographed onto Kodak Ektachrome 100 
with a databack code imprinted on to it to record which 
tool it was. Since all the crater wear profile photographs 
are the same • size, area comparisons can be made and 
analyzed. 
/ 
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INITIAL TESTING 
The initial testing of the cutting tools was done to 
determine the testing parameters to be used during the 
actual experiment. This was guided by the manufacturers 
recommended cutting conditions as specified in their 
product literaturi. The cond{tions selected were: surface 
1' 
speed= 450 (SFPM) under load, feed= .0125 in/rev, depth 
of cut= .075", CBS-16F chip breaker. 
The 4340 HT bars were removed from storage. They were 
covered with a brown scale as a result of heat treatment 
and· storage. Before the first bar was mounted a 3/4" piece 
was sawed off for hardness testing. The bar was hard to 
position due to its size and weight. The cutoff of the test 
piece took one hour to complete on the band saw. The cut 
off piece, not being of uniform thickness, was faced on a 
turret lathe, and then surface ground in preparation for 
the hardness survey. The hardness survey, which is in the 
appendix, shows that the bar is nearly uniform in hardness 
across its diameter. 
Prior to testing the Lodge & Shipley lathe was cleaned 
r"rf 
and oiled. The toolholders used were mounted with a minimum 
of overhang to decrease any vibrational problems induced by 
excessive tool overhang. Inspection equipment was used to 
check the tools for correct center height of the cutting 
edge. The cutting edge was mounted on center and was 
verified within one thousandth of an inch. The toolholders 
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(manufactured by Kennametal) that were used were the 
following: 
DSBRN-854D: Right handed holder for square inserts 
· 0 0 0 
with -5 ,-5 geometry and 15 SCEA. 
DTGNR-854D: Right handed holder for triangular inserts 
with -5°,-5° geometry and o0 SCEA . 
. Both holders use a clamp to fix the insert in position. 
I 
The bar (7"D x 48"L) was- the mounted in the lathe. The 
. '-. 
work holding was done by means of a four-jaw chuck at the 
headstock and a live center at the tailstock. The work was 
positioned by using a dial indicator near the four-jaw 
chuck. After this the bar was turned to remove scale, 
achieve concentricity and face the starting (tailstock) end 
for squareness. Now the bar was ready for its first test 
passes. 
Three tools were used to determine the testing 
parameters, these were K420, KC810, and KC910 (all tools 
used are without the PMI coating). The results are shown in 
Table 2. 
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TABLE 2 
SAMPLE TEST to DETERMINE 
CUTTING PARAMETERS 
Time 
·Tool Mat'l (min) 
2 
4 
K420 6 
KC910 
KC910 
<!ti 
During testing 
8 
10 
2 
4 
6 
8 
10 
2 
4 
6 
8 
10 
it 
Flank 
Wear(mm) 
.318 
.422 
.488 
.564 
.634 
.040 
.078 
.160 
.182 
.190 
.290 
. 368 
.450 
.577 
.760 
Mass Loss 
(milligrams) 
.8 (.8) 
.7 (1.5) 
l.3 (2.8) 
1.4 (4.2) 
1.8 (6.0) 
+.3 (+.3) 
+.1 (+.4) 
0.0 (+.4) 
+.1 (+.5) 
+.1 (+.6) 
0.0 (0.0) 
.1 ( . 1 ) 
0.0 ( . 1) 
.1 ( . 2) 
0.0 ( . 2) 
was~ found that there existed a 
significant vibration problem . irregular surface causing 
finish and acoustic emissions. The tool overhang was 
reduced to the minimum amount. The rotating tool post was 
disassembled. It was found to contain chips and had many 
burrs from years of use. The tool post was then cleaned, 
burrs removed and was then remounted on the lathe. It was 
hoped that this adjustment would make the tool less able to 
vibrate. After remounting was done the center height was 
' 
rechecked. This still conformed to the required center 
( 
height for the Lodge & Shipley. 
Another sample test was r~n to see what improvement was 
made by making these changes. This sample test which is 
" 2 5 
• 
~ 
"'· 
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' 
listed in Table 3 also gives more data on which to base the 
parameters of testing for the experiment. 
Tool Mat'l 
K420 
KC810 
KC910 
TABLE 3 
SAMPLE TEST to DETERMINE 
CUTTING PARAMETERS 
Time Flank Mass Loss 
(min) Wear(mm) ( mi 11 i gr ams-) 
2: 40 .339 1.1 ( 1. 1) 
4 .410 .5 ( 1. 6) 
6 .507 1.1 ( 2. 7) 
8 .561 1.4 ( 4. 1) 
9 - test stopped tool failure 
2 .164 0.0 (0.0) 
4 . 249 . 1 ( . 1) 
6 : 303 .1 ( . 2) 
8 . 354 0.0 ( . 2) 
10 .407 0.0 ( . 2) 
2 .111 0.0 (0.0) 
4 .161 0.0 (0.0) 
6 .187 . 1 ( . 1) 
8 .197 0.0 ( . 1) 
10 . 224 0.0 ( . 1) 
" 
Chatter was still evident on the work material after 
the second initial test. The tool post rebuild did not 
correct the problem. After reading the Lodge & Shipley 
manual, it was determined that two possible areas could 
-
cause a problem. They are; misleveling of the lathe, and 
headstock bearing misadjustment. 
The lathe was releveled with the aid of a precision 
-
level (accurate to .0005"/ft) ·to +.00025"/ft. It was found 
during the leveling process that the lathe had twist in the 
bed that ran out .002" from the headstock to the tailstock. 
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After completing this process a skim cut was made to 
rid the part of past chatter marks to prevent · any 
regenerative chatter. A worn KC810 and a fresh edged K420 
tools were used as a test. Each was run for 1 minute and in 
that time no chatter was found like before. This was done 
as a brief conformation that the problem with chatter was 
removed. No data was collected during this test. 
The chipbreaker used was found to be acceptable and 
aided in chip removal and safety. The problem of long 
stringy chips was evident at the begining of each tool test 
before crater formation but the chipbreaker allowed for 
control of the chip and did not affect the cutting process. 
The initial testing phase gave a good opportunity to ~ 
try out different ways of working with the equipment and 
experimental setups. The following procedures were used for 
the experimental work. 
Pre-Test Procedure 
1. Clean all toolholders and equiprnent before starting. 
2. Run lathe for 5 minutes to warm-up (with bar 
turning). 
3. Check operating conditions of speed and feed, then 
adjust to correct levels. 
Test Procedure 
1. Clean tool in ultrasonic cleaner using alcohol. 
2. Measure the mass 0£ the tool (record mass). 
3. Mount tool in holder with chipbreaker, lock down 
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both tool and tool post. \ 
4. Start bar rotation at about 3% over intended 
cutting speed to compensate for speed loss during 
tool engagement. 
5. Zero tool by touching it to the work surface and 
adjusting the dial to zero. 
6. Set depth of cut and engage feed then run for 
the selected period of time. 
7. Check surface speed (SFPM) with tachometer, adjust 
if necessary to required speed. 
8. When cutting time is complete disengage feed, back 
tool out of work mat'l then stop rotation. Now the 
tool can be removed from the toolholder with 
tweezers. 
9. Repeat steps 2 & 3. 
10. Measure flank wear with the toolmakers microscope 
and record the data. 
11. Repeat steps 4,5,7,8, & 9. 
12. 
, 
through steps 10,11,12 until the test . Cycle lS 
completed. 
13. Photograph crater wear area. 
14. Now select next tool or edge for cutting and begin 
• again. 
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OBSERVATIONS ON COATING APPEARANCE 
These observations of the tools with the PMI coating 
were made with the help of the toolmakers microscope and 
examples of the the unworn coating were photographed as a 
record. 
K420: The coating color is black, with interference 
patterns on the top and bottom surfaces. The tool 
designation is still slightly visible when seen under the 
. 
microscope. Also visible is a network of small cracks 
. in 
the coating and flaking • in areas. The top surface some 
seems to have the best coating integrity. 
KC810: Because of the gold color of the TiN coating 
inconsistences in the applied coating are easily discerned. 
There is substantial chipping and flaking of the coating on 
the top face of some of the tools. The coating is not even 
overall as shown by the interference patterns on the tool. 
KC910: There exists to a lesser extent the same 
problems as with the other tools but because of the 
substrates color (the Al2o3 coating renders it black) it 
• 
is hard to discern a problem with the SiO/SiN coating. One 
edge of one of the tools returned from the coating process 
with a large void on its edge. It is not certain whether or 
not this occurred during the process or was due to 
mishandling. 
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N60: The surface of the coating was uneven with some 
£.laking, "cracking and with interference patterns in some 
areas. The sides were not as well coated as the top 
surface. 
NN60: Because of the gold colored TiN substrate the 
lack of coating consistency is very noticeable. The coating 
varied in coverage from very good to poor:'The pdor areas 
suffered the same problems that the other tools had. 
NA02: The coating coverage ranged from good to poor on 
the nose of the tool. The poor areas lacked coverage ana 
were very cracked with lots of flaking. As with the other 
Al2o3 coated tool, KC910, the observation on the surfac~~?3 
difficult because of the black coating on black substrate 
problem. 
A series of tests were begun at the cutting conditions 
of 350 SFPM (under load), .0072 in/rev feed rate, and .075 
inches depth of cut. Unfortunately severe vibrational 
problems resulted, testing was stopped. After reading about 
the problems of machine tool vibrations . again, the 
following were checked out by myself and Gilbert Zambelli, 
.. 
lab technician. 
1. Chuck and headstock setup. 
2. Tailstock adjustment. 
3. Tool height. 
4. Machine level. 
If the problem can't be resolved by checking the above 
four areas, then the machining parameters could be changed. 
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The tool was found t6 be above center, this was ch~nged 
to appox. . 004 in., below center. The chuck was tightened 
and the tailstock overhang reduced. The surface speed was 
raised to 400 SFPM with a feed rate of .0104 in/rev. The 
level was rechecked and found to be within the +.00025 
in/ft level. All past chatter marks were machined off to 
prevent regenerative vibrations, eliminating reoccurrences 
of the previous problems. Therefore the machining 
parameters of 400 SFPM, .0104 in/rev feed rate and .075 in. 
depth of cut were used. The test results are displayed 1n 
Table 4. 
TOOL 
MAT'L 
K420 
KC810 
KC910 
N60 
NN60 
NA02 
TABLE 4 
Flank Wear • at 400 SFPM in mm 
Time in Minutes 
(Uncoated, Coated) 
2 4 6 8 10 
un C un C un C un C un C 
.130 .136 .195 .182 . 248 .244 .280 .255 .295 .280 
.138 .106 .202 .178 . 213 .175 .261 .226 .275 .251 
.121 .100 .140 .134 .151 .134 .180 .167 .214 .208 
.097 .118 .134 .129 .170 .118 .181 .131 .193 .141 
.065 .060 .088 .110 .114 .124 .124 .130 .141 .153 . 
.081 .102 .104 .120 .125 .136 .136 .151 .159 . 157 
.197 .176 . 240 . 210 .303 . 244 . 342 . 258 .374 .289 
.195 .149 .233 .199 .266 .210 .290 . 226 .317 .228 
* 
.184 .235 .185 . 251 . 247 .279 .268 . 330 .276 .278 
.196 .188 .264 . 204 . 280 .231 .286 . 23 7 .300 .239 
.093 .141 .099 .131 .115 .145 .123 .145 .132 .154 
.095 .084 .137 .121 .153 .134 .143 .149 .150 .167 
* reading in error 
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·. TOOL 
MAT'L 
K420 
KC810 
KC910 
N60 
NN60 
NA02 
un 
.370 
.659 
2 
'. 
TABLE 5 
Flank Wear in mm at 600 SFPM 
C 
.413 
.797 
Time in Minutes 
(Uncoated, Coated) 
4 6 
un c un c 
.513 .540 .613 .639 
* * 
un 
* 
8 10 
C un 
* fr' 
.144 .176 .235 .223 .299 .311 .318 .536 .394 
.171 * .210 .250 .278 .317 
C 
* 
.118 .125 .137 .156 .175 .182 .199 .210 .210 .232 
.075 .125 .170 .200 .222 .213 .258 .280 .402 .410 
.362 .357 .506 .494 * * ' 
.754 1.076 * * 
.114 .308 .258 .432 .326 .417 .376 .537 .489 .666 
* * 
.179 .176 .231 .218 .237 .300 .306 .403 .355 .577 
.717 .170 * .245 .317 .416 * 
* tool failed before next reading point 
The data in Table 4 
• in is graphically represented 
Figures 3 thru 9, shown in the following pages. Figure 3 
shows all of the Table 4 data graphed together. The 
remaining Figures, 4 thru 9 show each tool material (six 
~ 
total) individually represented. All of the graphs 
presented show flank wear as a function of time with the 
coated vs uncoated curves being noted as dashed and solid 
lines respectively. 
After testing at 400 SFPM was completed the same test 
was run using the speed of 600 SFPM. This test was designed 
to challenge the high performance nature of the TiN and 
Al 2 o3 coatings. All parameters were held the same except 
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for the surface speed which was reset to 600. The flank 
wear data is presented in Table 5. 
The data in Table 5 is graphically represented in 
Figures 10 thru 16, shown in the following pages. Figure 10 
shows all of the Table 5 data graphed together. The 
remaining Figures, 10 thru 16 show each tool material (six 
total) individually represented. All of the graphs 
presented show flank wear as a function of time with the 
coated vs uncoated curves being noted as dashed and solid 
lines respectively. 
• 
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MASS LOSS MEASUREMENT 
Also measured along with flank wear was the mass l~ss 
in grams for each of the tools used. Because of the 
inconsistent readings taken in the 600 SFPM test only the 
mas~ loss for the 400 SFPM test are listed in Table 6. 
The tool used for these measurements was a Mettler 
Instrument Corporation Micro Grarn-Atic balance Model MS 
with reading capability to five decimal places. 
Tool 
K420 
KC810 
KC910 
N60 
NN60 
NA02 
TABLE 6 
Mass Loss (grams) 
at 400 SFPM for 
10 minutes 
Uncoated 
.00228 
.00179 
.00027 
.00012 
.00022 
.00032 
.00285 
.00181 
.00089 
+.00012 
.00114 
+.00002 
Coated 
.00185 
.00179 
.00005 
.00000 
+.00008 
.00007 
.00156 
.00162 
.00025 
.00002 
.00012 
.00010 
NOTE: A plus sign(+) indicates a gain in tool 
mass. 
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Crater Wear Area Measurement 
·' 
By using the photographs of the crater wear area and a 
computer the area of the wear scar can be determined. This 
was done by projecting each image of the tool with its 
crater wear and·tracing this onto paper. From the tracings 
a PRIME 9755 computer with MEDUSA CAD software was used to 
digitize each tool and its accompanying crater wear scar. 
By usJng an unworn tool a scaling factor was computed to 
relate the digitized image size to the actual size. This 
was done using the known tool nose radius ( 3/64") as a 
guide. After this was done the area bounded by the wear 
scar digitized line was called out from the data base and 
then scaled. This data is contained in Table 7. 
at 
Tool 
K42D 
KC810 
KC910 
N60 
NN60 
NA02 
• 
• 
TABLE 1 
Crater Wear Area 
400 
f 
SFPM fo 3 
( X 10 
Uncoated 
3.847 
3.905 
2.268 
2.345 
2.449 
2.286 
3.509 
3.322 
2.371 
2.127 
1.984 
2.009 
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Coated 
3.582 
3.486 
2.338 
2.268 
2.506 
2. 282 
3.610 
3.474 
2.330 
2.149 
2.446 
2.043 
0 
., 
CHAPTER 4 
ANALYSIS and RESULTS 
Now with the data collection completed, what are the 
results of the experiment? To analyze this, let's look at 
the data that has been collected and review its form and 
suitability for analysis. 
The following sets of data were collected: 
1. Flank Wear data 
This data was taken at intervals of two 
minutes for each type of tool at 400 & 600 
SFPM for a total of 10 minutes. Two 
replications were performed. The measurement 
of wear was done by direct reading of a 
toolmakers microscope. The data was listed in 
tabular form and was graphed by cutting tool 
material type and surface speed of testing. 
[Table 4 & 5, Graphs - Figures 3 thru 16] 
2. Mass Loss data 
After each tool was tested it had its mass 
loss dr gain recorded. The data was listed in 
tabular form by material type and surface 
coating. [Table 6] 
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3. Crater Wear data 
lhe crater wear data was gathered by 
photographing each crater wear scar and then 
indirectly mearsuring the·-area by means of a 
computer. The.data was listed in tabular form 
by material t~ and surface coating. 
[Table 7] 
The data that was gathered during the 600 SFPM testing 
was very erratic due to failure of most of the tools in the (_ :;;~~ 
~ ...... #• 
testing group. It was not foreseen that these data would 
yield such poor results, in that they did n~t complete the 
testing period of ten minutes. For this reason they are not 
/ .. 
included in the data analysts p~ase of this report. 
The raw data for the 600 SFPM flank wear ·testing are 
included in the testing section. It is obvious that this 
data, though c6llected, is not suitable for the analysis. 
The data for the crater wear,& mass loss at the 600 SFPM 
could not accurately be determined in most cases due to the 
mode of failure which made it pointless to make the 
measurements. 
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Method of Analysis 
The data analysis method used was Analysis of Variance 
" (ANOVA). For the purposes of experimental design the flank 
wear, crater wear, and mass loss data all possess a common 
structure. These sets of data will be evaluated with the 
16 two-factor experiment with replication form of ANOVA . The 
factor of coated vs uncoated will be represented as columns 
and the tooling types will be represented as rows. From 
this the variations of rows, columns, ro~/column 
interactions and the residujl will be analyzed using the 
F-test. From this the question 'bf significance of the 
coating by PMI can be answered. 
The calculations for the ANOVA Tables was done with a 
Texas Instruments TI-60 hand calculator. The TI-60 was used 
to find the sum of the X. and x. 2 values. Having these l l 
values the entries in the ANOVA Tables were simply found 
· ,,,,.·,,,,using the form shown in Schaum' s Outline Series16 . 
ANOVA Tables 
The ANOVA tables show importantly the calculated F 
values (Fdata> for the rows (tool material), columns (the 
PMI coating), and the interaction between the columns and 
rows. When Fdata is compared to the F values at the 95% & 
99% levels for the degrees of freedom required the 
significance of data can be asses~ed. Basically when Fdata 
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is greater than F95% and/or F99% the the data is said to be 
significant, or in other terms, the variation--·· can be 
explained by the factor related to that calculated Fdata· 
TABLE 8 
ANOVA for FLANK WEAR 
•. 
" 
' Degrees F Level 
Variation of Mean Square F 95 % data Freedom 99 % 
Rows 
(Tool Mat'l) 5 "2 .018271 27.27 3.11 s --
r 5.06 
V - .091355 -
r 
·-
Columns 
(Coatings) 1 " 2 .003290 4.91 4.75 s --
C 9.33 
V - .003290 -
C 
Interaction 
"2 3.11 •' 5 S. - .001355 2.02 5.06 -
V. - .006775 l -
l 
Subtotal / .. 
__ __...\ 11 
V - .101420 -
s 
, ."''-. 
Residual 
"2 
12 .000670 s --
V - .008036 e -
e 
Total 
23 
V = .109456 
What do the values in Table 8 show us? Before we look 
at the significance of the rows and columns do there exist 
any interactions between them. In the table the calculated 
value for the interactions is F = 2.02. When comparing this 
to the v~lues from the F Table (at the 95% level F5 12 = 
. ' 
53 
... ., 
' 
._ .. ?-.""····· 
,, 
~:-' 
~\, . ~ 
,.,.. ";) 
~ 
;'" .. 
' "' . .,._:~-·- ,, 
"8i¥ . 
• 
;.,.,,,·,:-.c:: .... ;;....__ __ _ 
3.11 and at the 99% l!vel F5 , 12 = 5.06), both show that 
·,, 
since Fdata is not greater then F of the table, the ~effect 
of the interaction of rows and columns is not significant. 
Now that we have removed the interactions as a possible 
effect, what does the other data tell us? The F value for 
the rows (the tool material) are greater than the required 
F Table values (3.11 and 5.06) to be significant. For this 
analysis to be valid it must show that tool material is 
significant in its effect on wear. The reason is that 
previous studies of these tool materials have shown a 
significant and measurable difference. This present 
experiment confirms this result, as borne out by the ANOVA 
of flank wear in Table 8. 
The effect of coating seems less conclusive. The F 
value determined for the column data equals 4.91. The F 
·· levels of significance in the F Table are, at 95% Fl, 12 = 
4.75 and at 99% F1 , 12 = 9.33. This shows that the coating 
is just barely signifcant at the 95% level and fails the 
test at the 99% level. The PMI coating data demonstrated a 
significant improvement in flank wear at the 95% level of 
significance but not at the 99% level. 
'· I 
The previous discussion will be applied to the next set· 
of ANOVA results, Table 9 - Mass Loss. 
, "' , .. ..,.,,......,. .,¢&.-,•-•·'~ .. ,_-~- ·"''" .. •,,-v:-.:;• '· ,;,,,Pj!,::;,;.t 
• 
,,_, ·,:-·.·.1 
Variation 
Rows 
(Tool Mat'l) 
-
V =3.1065xl0-S 
r 
> 
- Columns 
(Coatings) .. 
V =7.3500xl0:.. 5 
C 
Interaction 
V.=2.2825x10- 7 
1 
Subtotal 
V =l.7144xl0-S 
s 
Residual 
' 
V =l.9027xl0- 6 
e 
Total 
V=l.9048xl0- 5 
TABLE 9 
ANOVA for MASS LOSS 
Degrees 
of Mean Square 
Freedom 
5 s2=s.2131x10- 6 
r 
1 s2=7.3soox10- 7 
C 
5 
~2 -8 S.=4.5670x10 
1 
11 
12 s2=1.5s56x10- 7 e 
23 
F Level 
F 95 % data 99· % 
3.11 
39.18 5.06 
4.75 
4.64 9.33 
3.11 
0. 29 5.06 
~ 
Table 9 closely parallels the results of Table 8. There
 
is a strong significant effect shown by tool materials 
and 
an insignificant effect of interaction of rows and colum
ns. 
The difference in the results was that F for the coati
ng 
(4.64) is now less than F1 12 = 4.75 at the 95% confidence 
' . 
level thus showing no significance for the PMI coating
 with 
respect to mass loss. The ref ore the PMI coatin
g . lS 
statistically no different than the uncoated tools. 
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TABLE 10 
ANOVA for CRATER WEAR 
Degrees F Level 
Variation of Mean Square Fdata 95 % Freedom 99 % 
Rows 
(Tool Mat'l) 5 s2 1.9313x10- 6 3.11 113. 49 5.06 
V =9.6564xl0- 6 r 
r 
'Columns 
(Coatings) s2=3.so37x10- 12 - 4.75 
V =3.5037xlo- 12 
1 =0.00 9.33 
C 
C 
Interaction A2 -8 3.11 
-7 5 S.=4.2142xl0 2.48 5.06 l V.=2.1071xl0 
J. 
Subtotal 
V =9.8671xl0- 6 
11 
s 
Residual s2=1.1011x10- 8 
V =2.0420xl0-? 
12 
e 
e 
Total 
V=l.0071xl0- 5 
23 
' 
'·1~ ,· <.. v- ' 
In Table 10 as in Tables 8 & 9, the tool material was 
the greatest cause of variance in the analysis. Again the 
coating was shown to be insignificant by virtue of the 
F-test at 95% and 99% confidence levels as was the 
interaction between coating and tool material. The ANOVA 
tests were strong indicators in that the une.xplained 
variation was no more than 10% of the total variation. This 
• 
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shows that the analysis method was valid for drawing 
) 
conclusions. 
In looking at the flank'wear measurements as graphical 
data, Figures 3-thru 16 there seems to be no reason to 
single out any class of data for further analysis. In this 
I mean that of the tool materials used as substrates there 
.. 
was not a single group of WC, TiN or Al 2o3 materials that 
provided any advantage for the coating. 
' 
• 
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CHAPTER 5 
CONCLUSIONS 
The conclusions of this thesis project are as follows, 
starting with the specific and then to more generalized 
ones. 
1. The coating developed at Polar Materials Inc. . lS 
not suited in its present form to be used as an effective 
cutting tool coating to reduce the wear found on the tool's 
flank and top face. This is evident from the analysis of 
variance testing done on flank wear, crater wear area, and 
mass loss data. 
2. The coatings used in this project, namely WC, TiN 
and Al2o3 are different in performance as shown by the 
graphic presentation of the data (Figures 3 thru 16), and 
by the ANOVA results in Tables 8, 9, & 10. The ANOVA 
resul t·s show strongly that there was a statistical 
difference attributable to the cutting tool material. While 
4 
this conclusion is no news it does confirm the efficacy of 
the experimental method to support the conclusion stated in 
#1. 
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3. The use of mass loss as an analytical measure in 
~ 
the investigation of tooling is limited to experiments 
where the effects of mass gain, such as built up edge are 
not prevalent. To use mass loss as an experimental 
criteria, great care must be taken in cleaning and reading 
,_, 
the mass of the tool because of the slight amount of mass 
I 
,~ change that occurs. Measuring mass loss shows how little 
(in the order of milligrams) material needs to be removed 
rbefore total tool failure can occur. 
4, Even though CAD & photography are not new methods, 
the use of photography and subsequent digitization of the 
wear scar onto a CAD system proved to be an effective way 
to quickly and accurately determine the area. In 
conceptualizing this experiment I had hoped to use a 
toolmakers microscope with X, Y, and Z read outs. From this 
a three-dimensional grid of points could have been obtained 
and then the volume of the crater wear scar could have been 
determined. This would have been a novel approach. 
/ 
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4340 BAR HARDNESS SURVEY 
Position (inches) 
Surface (1/16) 
1/4 
1/2 
3/4 
1 
1 ;1/4 
1 1/2 
1 3/4 
2 
2 1/4 
2 1/2 
2 3/4 
3 
3 1/4 
Center 3 1/2 
Hardness R 
C 
38.1 36.6 36.5 
34.4 35.0 35.5 
35.0 35.1 35.2 
35.2 34.8 34.8 
34.6 34.5 34.5 
33.9 34.l 34.5 
34.6 34.2 34.7 
34.0 33.8 34.1 
33.5 34.1 34.2 
33.4 33.5 33.3 
33.4 33.7 33.4 
33.0 33.6 34.1 
34.2 35.0 34.1 
33.6 33.8 32.2 
33.8 32.8 31.2 
X 
3 7 .1 
35.0 
35.1 
34. 9 
34. 5 
34. 2 
34. 5 
34.0 
33.9 
33.4 
33.5 
33.6 
34.4 
33.2 
32.8 
Grand Average= 34.3 
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